Varicocele is the most common abnormality identified in men being evaluated for subfertility. In this comprehensive review of the pathophysiology of varicocele, we will shed light on novel pathophysiological findings and their clinical implications that may direct future researches; we will shed light on the impact of transient scrotal hyperthermia and the roles of inflammation and differential protein expression and androgen expression in spermatozoa on inducing pathophysiological findings. Furthermore, we will clarify the linked processes contributing to the pathophysiology of varicocele and the impact of genetics on the induction of these processes. Spermatogenesis is a temperature-sensitive process, and heat stress of varicocele is considered the most plausible cause of impaired spermatogenesis. The three processes associated with the presence of varicocele -heat stress, excess reactive oxygen species, and increased apoptosis -appear to be linked; heat stress is associated with increased levels of reactive oxygen species and oxidative stress, which can induce apoptosis. The genetic role should not be overlooked as a contributing factor in the induction of heat stress, excess reactive oxygen species/oxidative stress, and apoptosis; this is evidenced by the association of varicocele with decreased expression of heat-shock proteins, higher polymorphism of glutathione S transferase and nitric oxide synthase genes, and increased BAX and decreased BCL2 genes and proteins. In this article, we will highlight the need of application of novel diagnostic techniques that can provide a precise pathophysiological diagnosis to guide potential specific innovative therapies. Innovative therapies can counteract the varicocele-induced stasis, suppress the degenerative effects of testicular hyperthermia, reduce the varicocele-induced apoptosis, and target the elevated-neutrophil products aiming at abrogating the testicular damage caused by the induced varicocele in rats/mice. In conclusion, on the basis of the novel scientific research, it may be possible to formulate new treatments and achieve the appropriate selection of patients who can benefit from these treatments.
INTRODUCTION
Varicocele is the most common abnormality identified among subfertile men. However, despite the clear association between varicocele and subfertility, the negative impact of varicocele on fertility potential and the improvement of fertility following varicocele repair remain controversial. Despite this controversy, significant studies have clarified the deleterious effects of varicocele on standard semen parameters and on the ultrastructural features of spermatozoa (Iommiello et al., 2015; dos Santos Hamilton et al., 2016) . Furthermore, several studies have clarified the improvement of fertility following varicocele repair (Shiraishi et al., 2012; Kimura & Nagao, 2014) .
A global view of the pathophysiology of varicocele can provide a better understanding and assist in resolving controversies related to varicocele and its treatment. In this article, we will shed light on novel findings, the impact of transient scrotal hyperthermia, and the roles of inflammation and differential protein expression and androgen expression in spermatozoa; these issues have not been covered in previous review articles. Also, we will discuss the linked processes -the heat stress, OS, and apoptosisthat contribute in the induction of the pathophysiological findings. Furthermore, we will clarify how the genetic variations can contribute in the induction of the heat stress, OS, and apoptosis.
ICSI is currently utilized to overcome multiple sperm abnormalities; significant studies clarified that varicocelectomy not only improve semen parameters (Kimura & Nagao, 2014) but also improve outcomes of ICSI procedure (Shiraishi et al., 2012) . In this review, we present recent studies that investigated potential specific therapies targeting the pathophysiological effects of the induced varicocele in rats/mice. These studies may open doors for the advent of similar innovative therapeutic modalities for patients with varicocele. However, it may be possible to formulate new treatments and achieve the appropriate selection of patients who can benefit from these treatments; it is beyond the scope of this review to clarify which treatment is best for a specific subfertile patient with varicocele.
PATHOPHYSIOLOGY OF VARICOCELE
Varicocele has a negative impact on spermatogenesis, testicular volume, standard semen parameters, sperm function (Liang et al., 2015) , fertilization, implantation, and embryo outcomes (Kimura & Nagao, 2014) . However, although the negative impacts are evident, the pathophysiological mechanisms have not yet been fully described. In this comprehensive review, we will discuss the different pathophysiological mechanisms in patients with varicocele ( Fig. 1) .
Testicular hyperthermia is deleterious to spermatogenesis
Spermatogenesis is a temperature-sensitive process that best proceeds at 35-36°C. In patients with varicocele, regurgitation of warm abdominal blood through incompetent valves elevates the scrotal temperature by 2.6°C (Goldstein & Eid, 1989; Garolla et al., 2015) . Unilateral left varicocele has bilateral testicular effects through collaterals and retroperitoneal bypasses (Gat et al., 2005) .
Testicular heat stress has deleterious effects on testes and spermatogenesis; the putative insult of chronic testicular hyperthermia is best represented by congenital and acquired cryptorchidism in men. A few months after applying an artificial cryptorchidism protocol, standard semen parameters declined, but they returned to baseline at one year after stoppage of the protocol (Mieusset et al., 1985 (Mieusset et al., , 1987 .
In patients with varicocele, the genetically decreases in expression of the protective heat-shock proteins (Lima et al., 2006) can contribute to the induction of heat stress. It was evidenced that heat stress is associated with increases in markers of OS and apoptosis (Paul et al., 2009; Shiraishi et al., 2010) .
It was shown that dynamic evaluation of scrotal temperature can reflect alterations of testicular function (Garolla et al., 2015) ; in addition to scrotal ultrasonography, thermography is considered the best non-invasive diagnostic tool for the detection of varicocele (Gat et al., 2005) .
Transient scrotal hyperthermia may signal fertility potential
Transient exposure of testes to a high temperature has a negative impact on spermatogenesis; in contrast, spermatogenesis can be improved by cooling of testes. Exposure to a transient scrotal heat stress induced, through an OS, a significant reduction in testis weight accompanied by impaired spermatogenesis 
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A GLOBAL VIEW: PATHOPHYSIOLOGY OF VARICOCELE (Paul et al., 2009; Rao et al., 2015) . In contrast, in cases of varicocele-induced impaired semen parameters, a 12-week program of nocturnal scrotal cooling was associated with improvements in spermatogenesis (Jung et al., 2001) . These studies point to the role of transient scrotal hyperthermia as a possible etiological factor for subfertility in men (Rao et al., 2015) . The decrease in testicular size associated with the presence of subclinical varicocele (Zini et al., 1997; Hassanin et al., 2017) may reflect a putative insult of the transient testicular hyperthermia on spermatogenesis in patients with subclinical varicocele.
Venous impairment/testicular hypoxia
Stasis in varicose veins initiates leukocytes trapping and activation accompanied by the release of ROS from the trapped white cells that induces OS (Krzy sciak & K ozka, 2011) . In subfertile men with varicocele, impairment of the venous drainage is accompanied by stasis, bilateral testicular ischemia, tissue hypoxia and OS, all of which may impair testicular functions (Gat et al., 2005; Sakamoto et al., 2008; Rao et al., 2015) . Hypoxia-inducible factor 1 (HIF1), expressed in germ cells, binds to the vascular endothelial growth factor (VEGF) gene to induce VEGF and counteract induced stasis and hypoxia (Kilinc ß et al., 2004) .
Evaluation of VEGF as a potential therapeutic modality has been commenced on laboratory animals. In rats with induced varicocele, exogenous administration of VEGF decreased the profusion of apoptotic cells (Tek et al., 2009) . Polydeoxyribonucleotide (PDRN) induces VEGF production under pathological conditions of low tissue perfusion. In rats with induced varicocele, treatment with PDRN is as effective as varicocelectomy in abrogating the testicular damage caused by the induced varicocele (Minutoli et al., 2015) .
Reactive oxygen species and oxidative stress ROS are generated as byproducts during the intermediate steps of cellular metabolism. ROS include the hydroxyl, peroxyl, and hydroperoxyl radicals, superoxide, nitric oxide (NO) and nitrogen dioxide. These byproducts are essential to maintain an environment suitable for cellular metabolism, but in excess, they can induce cellular dysfunction (Aitken et al., 1989; Morielli & O'Flaherty, 2015) . The physiological level of ROS is maintained by a balance in the production of protective antioxidants and ROS. Disruption of this balance induces OS, which is more likely to be attributable to a supraphysiological level of ROS than to a low level of neutralizing antioxidants (Aitken & Roman, 2008) . Activated leukocytes (Ochsendorf, 1999) and abnormal spermatozoa (Gil-Guzman et al., 2001 ) can produce excess ROS, which can negatively impact nearby normal spermatozoa.
Excess ROS and OS in men with varicocele
OS has been thoroughly investigated as a contributing pathophysiological factor in male subfertility, including in varicocele (Turner & Lysiak, 2008; Liang et al., 2015) . Several studies have demonstrated the association of higher levels of seminal ROS with the presence of varicocele (Shiraishi & Naito, 2007; Cocuzza et al., 2008; Agarwal et al., 2009) . The evidence shows that varicocelectomy effectively lowers the preoperative elevated level of testicular OS (Shiraishi & Naito, 2006; Altintas et al., 2016; Tiseo et al., 2016) .
The negative impact of excess ROS on spermatozoa
In men with varicocele, the classic semen profile includes one or more of the following spermatozoal abnormalities: reduced motility, reduced count, increased abnormal forms, and increased abnormal DNA content. OS alone can explain all these abnormal findings as illustrated in Fig. 2 .
The negative impact of varicocele-induced excessive ROS on fertility potential is not only confined to abnormal standard semen parameters but increased sperm DNA fragmentation as well, which can mediate poor sperm function and impaired fertilization outcome. Accordingly, testing of ROS/ OS has the potential to provide additional diagnostic and prognostic information and may guide therapeutic strategies in subfertile men with varicocele (Cho et al., 2016; Agarwal et al., 2017) .
Antioxidants can suppress heat-induced damage
Human germ cells are protected from oxidative damage by enzymatic and non-enzymatic antioxidant mechanisms (Gu & Hecht, 1996; Aitken & Roman, 2008) ; the enzymatic mechanisms play a minor role in germ cell protection.
In clinical contexts, the therapeutic effectiveness of antioxidant treatment for subfertile men was evident in several randomized trials (Ahmadi et al., 2016) . Furthermore, following varicocelectomy, antioxidant capacity was significantly increased in seminal plasma, associated with a significant decrease in DNA damage (Chen et al., 2008; Sakamoto et al., 2008) .
The protective impact of antioxidants on the process of spermatogenesis is evident; this protective effect was confirmed in trials of apigenin, a natural antioxidant, which attenuated heatinduced testicular damage and decreased apoptosis in mice with induced varicocele. Thus, apigenin can be a useful suppressor of the degenerative effects of testicular hyperthermia (Liu et al., 2016) . This finding encourages the search for new therapeutic modalities that can ameliorate the degenerative effects of chronic testicular hyperthermia in patients with varicocele.
DNA damage
Varicocele is associated with increased susceptibility to DNA damage and this sperm pathology may be mediated by varicocele-induced OS. It was found that both spermatogenesis and DNA integrity improve following varicocelectomy (Smith et al., 2006; Agarwal et al., 2009; Ferramosca et al., 2015) . This improvement is associated with increased pregnancy rates, both for spontaneous pregnancy and following ART (Smit et al., 2010; Tiseo et al., 2016) .
Morphologically abnormal spermatozoa are more likely to have poor chromatin compaction, but a morphologically normal spermatozoon may also have poor chromatin compaction (Boitrelle et al., 2015) . The effect of sperm DNA damage on pregnancy, embryonic development, and offspring health is a concern, and sperm DNA compaction/fragmentation can be additional diagnostic and prognostic markers for subfertile men with varicocele (Boitrelle et al., 2015; Cho et al., 2016) ; and according to the current data, standardization and clinical implementation of sperm DNA fragmentation tests are still recommended (Rex et al., 2017 ).
Apoptosis and testicular cadmium level
It is apparent that the process of apoptosis, or programmed cell death, plays an important role in the pathophysiology of varicocele. In men with varicocele, elevated levels of apoptosis were found in developing germ cells, testicular tissues, and ejaculated spermatozoa. Apoptosis can be promoted by excess ROS (Aitken et al., 2015) , excess cadmium (Benoff et al., 2004) , and through genetic mechanisms (Almeida et al., 2013) .
Cadmium is a metal ion that induces apoptosis; a bilateral elevation of the testicular cadmium level was associated with increased apoptosis in some patients with left varicocele. These values were inversely related to the postoperative improvement in semen parameters (Benoff et al., 2004) .
In men with varicocele, elevated levels of apoptosis were found in spermatozoa. Colloidal microbeads conjugated with annexin V effectively separated spermatozoa with numerical chromosomal aberrations and apoptotic spermatozoa (Esbert et al., 2017) and this procedure can be applied to select spermatozoa needed for the ICSI procedure.
Neuronal apoptosis inhibitory protein (NAIP) and survivin are two proteins that protect against apoptosis. In rats with induced varicocele, the expression of these proteins was significantly reduced, accompanied by depressed spermatogenesis (Minutoli et al., 2015) . These effects were antagonized by the administration of polydeoxyribonucleotide (PDRN) before the induction of varicocele in rats. PDRN may represent a therapeutic option to accelerate the recovery of spermatogenesis after experimental varicocele (Minutoli et al., 2015) . Similarly, future research may investigate the utilization of PDRN as a possible therapeutic modality to reduce the varicocele-induced apoptosis in patients with varicoceles.
Genetic contribution to the pathophysiology of varicocele
Somatic chromosomal disorders including microdeletion in the Y chromosome, sperm meiotic alterations, changes in gene expression, gene polymorphisms, and changes in sperm mitochondrial DNA (Table 1) have all been reported to be associated with varicocele (Santana et al., 2017) .
Somatic chromosomal disorders and sperm meiotic alterations
Current data clarify that chromosomal abnormalities and microdeletions in the Y chromosome may be responsible for the severe testicular damage observed in some patients with varicocele (Rao et al., 2004; Dai et al., 2015) . However, it is well known that deletions involving the AZFb region are not compatible with sperm production unexpectedly two patients diagnosed with these deletions had residual testicular sperm (Stouffs et al., 2017) highlighting the need of further investigation regarding the genetic deficiencies. In addition, the precise diagnosis of varicocele-induced genetic deficiencies can provide prognostic expectations and direct management; in contrast to meiotic abnormalities in spermatozoa, somatic genetic abnormalities associated with varicocele cannot be corrected by varicocelectomy (Baccetti et al., 2006) .
Changes in gene expression
In patients with varicocele, decreased expression of HSPs and increased mediators of apoptosis gene and protein produce compromised spermatozoa, which may undergo apoptosis (Oliveira et al., 2012; Almeida et al., 2013; Ji et al., 2014) . It was observed that an increase in the expression of various protective genes follows varicocele repair (Oliveira et al., 2012) . 
Gene polymorphisms
Several studies have demonstrated that gene polymorphisms in patients with varicocele may lead to a higher susceptibility to ROS and can negatively affect the result of varicocelectomy (Wu et al., 2009; Tang et al., 2012; Kahraman et al., 2016) .
Changes in sperm mitochondrial DNA
It was found that deletions and polymorphisms in sperm mitochondrial DNA can cause declines in sperm motility and subfertility (May-Panloup et al., 2003; Gashti et al., 2014) .
In patients with varicocele, the application of proper diagnostic measure to identify the genetic deficiencies is still required as it can predict the prognosis and modify the used methods of treatment.
Unique differentially expressed proteins in patients with bilateral varicocele
While unilateral left varicocele is usually diagnosed in subfertile men, venographic evidence of bilateral abnormal venous reflux was found in 84%-86% of men with varicocele (Gat et al., 2005) .
Functional proteomic profiling can provide insight into the pathophysiological mechanism of bilateral varicocele-associated male subfertility . Differentially expressed proteins (DEP) were identified in the spermatozoa of patients with bilateral varicocele compared with fertile donors. Proteomic analysis identified 73 DEP, of which seven proteins were unique to patients with bilateral varicocele and eight were unique to the fertile men; the remaining 58 proteins were differentially expressed; some of the 58 DEP were overexpressed and others were underexpressed in patients with bilateral varicocele compared to the fertile men as illustrated in Fig. 3 .
It was shown that seven DEP are associated with metabolic processes, stress responses, oxidoreductase activity, enzyme regulation, and immune system processes. Another seven DEP are involved in sperm functions, such as capacitation, motility, and sperm-zona binding . Efforts should be exercised to clearly highlight the role of DEP in bilateral varicocele-associated subfertility in men.
The role of inflammation in the pathophysiology of varicocele
To clarify the role of inflammation in the pathophysiology of varicocele, the association of the presence of varicocele with increased levels of inflammatory markers was investigated. The mean platelet volume (MPV), seminal epithelial neutrophil activating peptide-78 (ENA-78), and seminal IL-1b are laboratory indicators of inflammation status. These markers were significantly higher in subfertile patients with varicocele compared to fertile men (Fig. 4) (Coban et al., 2015; Demirer et al., 2017; Nazari et al., 2017) . It was found that spermatozoa motility is reduced in response to elevated ENA-78 in subfertile men with varicocele (Nazari et al., 2017) ; and the increased MPV tends to decrease following varicocelectomy (Coban et al., 2015) .
Neutrophil products are potential diagnostic biomarkers and therapeutic targets for varicocele-caused subfertility (Nazari et al., 2017) . Anakinra, an IL-1b antagonist, suppressed induced OS and subsequently suppressed histological damage in the tunica albuginea, germ cells, seminiferous tubules, and interstitial tissue in rats' testes (Hirik et al., 2017) .
Decreased androgen receptor expression in spermatozoa of subfertile men with varicocele
Reduced androgen receptor (AR) expression was evident in the spermatozoa of varicocele patients with respect to spermatozoa from fertile men; and dihydrotestosterone (DHT) treatment increased the cholesterol influx in normal sperm but had little effect on spermatozoa of varicocele patients (Guido et al., 2014) . This finding may indicate that reduced AR expression in the spermatozoa of varicocele patients can contribute to the difficulty experienced in switching to a capacitated status (Guido et al., 2014) .
Hormonal imbalance
Spermatogenesis is a testosterone-dependent process and hormonal imbalance can be a cause of impairment of spermatogenesis. Many authors have demonstrated reduced serum testosterone levels in men with varicocele (Abdel-Meguid et al., 2014; Yamac ßake et al., 2016) and have provided findings supporting the repair of varicocele for the expected improvement of Leydig cell functions (Li et al. 2012; Abdel-Meguid et al., 2014) . Impairment of spermatogenesis is associated with an increased leptin level in the testes of infertile men. In men with varicocele, the expression of leptin in spermatogenic cells was significantly increased, a finding that needs further investigation (Ishikawa et al., 2007; Chen et al., 2009) .
Interstitial lesions in the testes of varicocele patients
In patients with varicocele, interstitial deterioration is marked by the proliferation of Leydig cells (Sirvent et al., 1989) and collagen deposition in the tubular basement membrane, interstitial blood vessel walls, and interstitial tissue; mast cells expressing tryptase and chymase might be related to testicular fibrosis and impaired spermatogenesis (Yamanaka et al., 2000) . It is worth mentioning that varicocele repair improves testicular histology (Abdel-Meguid, 2012) .
Autoimmunity
In rats with induced varicocele, increases in the mRNA levels of the proinflammatory cytokines Tnfa, Cd45, Cd3g, and Cd3d can induce alterations in the permeability of the blood-testis and immunological barriers found in normal testes (Oh et al., 2016) . Additionally, decreased expression of E-cadherin and alpha-catenin proteins in Sertoli cells of men with varicocele is an evidence of a compromised blood-testis barrier (Koksal et al., 2007) . The varicocele-induced immunological response, to sperm antigen, can herald the fertility potential.
CONCLUSION
A global view may achieve a better understanding of the pathophysiology of varicocele and can offer ideas that can direct future varicocele research.
The clinical application of novel diagnostic techniques has the potential to provide a precise varicocele-induced pathophysiological diagnosis and may guide the targeted specific therapies. In patients with varicocele, testing of metabolic biomarkers such as ROS/OS and standardization of the sperm DNA fragmentation tests may add to the currently available diagnostic measures. Moreover, it may be possible to identify marker proteins such as heat-shock proteins and DEP. Furthermore, the precise diagnosis of genetic abnormalities is still required and can assist in providing prognostic expectations and directing the proper treatments. Contemporary scientific data highlight potential specific therapies aiming at abrogating the varicocele-induced testicular damage in rats/mice. For example, VEGF and PDRN are promising to counteract varicocele-induced stasis, ameliorate heat stress, and reduce apoptosis. In addition, the natural antioxidant apigenin can be a useful suppressor of the degenerative effects of testicular hyperthermia and anakinra can target the elevated-neutrophil products. In the future, it may be possible to formulate new treatments and achieve the appropriate selection of patients who can benefit from these treatments.
